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ABSTRACT 

One t a s k  o f  a program, j o i n t l y  sponsored b y  E l e c t r i c  Power Research I n s t i t u t e ;  
Hydrocarbon Research, Inc . ;  A l b e r t a  Research C o u n c i l  and Ontar io -Oh io  S y n t h e t i c  F u e l s  
Corpora t ion ,  was t o  de termine t h e  response o f  v a r i o u s  coprocess ing  d e r i v e d  l i q u i d s  t o  
h y d r o t r e a t i n g .  The l i q u i d s  were c o l l e c t e d  f r o m  an e b u l l a t e d  bed bench u n i t  t e s t  
performed by H R I .  The feeds tock  was a 1 : l  m i x t u r e  o f  Ohio No. 5 / 6  c o a l  and Cold 
Lake atmospher ic r e s i d .  The p r o d u c t  l i q u i d s  were separa ted  b y  d i s t i l l a t i o n  i n t o  
naphtha (IBP t o  185'C). d i s t i l l a t e  (185-343'C) and gas o i l  (343-47O'C). 

Scoping t e s t s  were performed i n  a f i x e d  bed h y d r o t r e a t e r  t o  d e t e r m i n e  s u i t a b l e  
c o n d i t i o n s  f o r  t h e  p r o d u c t i o n  o f  r e f o r m e r  f e e d s t o c k  naphtha and d i e s e l  q u a l i t y  
d i s t i l l a t e .  V a r i a b l e s  i n v e s t i g a t e d  i n c l u d e d  tempera ture ,  p r e s s u r e  and space 
v e l o c i t y .  A B e r t y  CSTR was employed t o  measure t h e  k i n e t i c s  o f  he teroa tom removal  
f rom t h e  d i s t i l l a t e  and gas o i l .  The r e s u l t i n g  p r o d u c t s  met t h e  s p e c i f i c a t i o n s  f o r  
s y n t h e t i c  crude o i l  f e e d s t o c k s .  

INTRODUCTION 

The A l b e r t a  Research Counc i l  (ARC) has been i n v e s t i g a t i n g  v a r i o u s  coprocess ing  
o p t i o n s  t o  deve lop  a new market f o r  t h e  subbi tuminous c o a l  r e s e r v e s  and heavy 
o i l / b i t u m e n  d e p o s i t s  wh ich  a r e  l o c a t e d  w i t h i n  t h e  P r o v i n c e  o f  A l b e r t a  (1). One 
promis ing  process o p t i o n  f o r  t h i s  purpose i s  t h e  Hydrocarbon Research I n c . ,  (HRI) 
c o a l l o i  1 coprocess ing  techno logy  wh ich  uses h y d r o c r a c k i n g  over an e b u l l a t e d  bed of 
supported c a t a l y s t  t o  c o n v e r t  c o a l  and heavy o i l  r e s i d s  t o  d i s t i l l a b l e  l i q u i d  
p roduc ts  (2 ) .  I n  1985, ARC j o i n e d  a consor t ium o f  E l e c t r i c  Power Research I n s t i t u t e  
(EPRI), Ontar io -Oh io  S y n t h e t i c  F u e l s  C o r p o r a t i o n  (OOSFC) and H R I ,  t o  d e v e l o p  t h i s  
techno logy  (Ontar io -Oh io  S y n t h e t i c  Fue ls  C o r p o r a t i o n  r e c e i v e d  f i n a n c i a l  a s s i s t a n c e  
f r o m  t h e  S t a t e  o f  Ohio,  Coal Development O f f i c e ) .  Phase I o f  t h e  program conf i rmed 
t h a t  b o t h  b i tuminous  and subbi tuminous c o a l s  c o u l d  be conver ted  t o  h i g h  q u a l i t y  
l i q u i d  s y n t h e t i c  c rude o i l s  when coprocessed w i t h  heavy o i l  r e s i d s  such as C o l d  Lake 
atmospher ic tower  bottoms. Coal  convers ions  exceeded 94% under p r e f e r r e d  c o n d i t i o n s  
w h i l e  d i s t i l l a b l e  o i l  y i e l d s  approached 75 wt%.  

I n  1986, a second phase o f  t h e  program was i n i t i a t e d  w i t h  t h e  same c o n t r i b u t o r s .  The 
key  o b j e c t i v e s  o f  t h e  program were t o  t e s t  a l t e r n a t e  feeds tocks ,  t o  de termine 
c a t a l y s t  replacement r a t e s  and t o  answer s p e c i f i c  q u e s t i o n s  r e g a r d i n g  aspec ts  o f  t h e  
chemis t ry  o f  t h e  upgrad ing  pathways. One subtask was t o  i n v e s t i g a t e  p r o c e s s i n g  
c o n d i t i o n s  f o r  t h e  secondary upgrad ing  o f  d i s t i l l a b l e  o i l  p roduc t  f r a c t i o n s .  The 
f o l l o w i n g  paper r e p o r t s  on t h e  a c t i v i t i e s  completed b y  ARC on t h e  h y d r o t r e a t i n g  o f  
these coprocess ing  d e r i v e d  l i q u i d s .  

EXPERIMENTAL 

The d i s t i l l a b l e  l i q u i d  p r o d u c t  f r o m  a bench u n i t  r u n  completed by HRI i n  t h e i r  New 
Jersey f a c i l i t y  was separa ted  by d i s t i l l a t i o n  i n t o  naphtha (IBP-l85'C), m i d d l e  
d i s t i l l a t e  (185-343°C) and a gas o i l  (343-47O'C). The bench u n i t  r u n  was per fo rmed 
on a 1:1 b l e n d  o f  Ohio No. 5/6  c o a l  ( d r y  b a s i s )  and Cold Lake a tmospher ic  r e s i d .  
P r o p e r t i e s  o f  t h e s e  d i s t i l l e d  l i q u i d s  a r e  shown i n  Table 1. These l i q u i d s  approached 
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b u t  d i d  n o t  meet s p e c i f i c a t i o n s  s e t  by  s y n t h e t i c  crude r e f i n e r s  o r  ASTM p roduc t  
requi rements ( d i e s e l ,  No. 2 f u e l  o i l ) .  

A l l  t h ree  f r a c t i o n s  were i n i t i a l l y  h y d r o t r e a t e d  i n  a B e r t y  con t inuous  f l o w  s t i r r e d  
tank  r e a c t o r  (300 m l ) .  C o n d i t i o n s  were p r e s e l e c t e d  based on h i s t o r i c a l  da ta  and 
l i t e r a t u r e  r e p o r t s .  The r e q u i r e d  s p e c i f i c a t i o n s  f o r  gas o i l  were m e t  u s i n g  a 
p r e s u l f i d e d  Amocat 1 C  c a t a l y s t .  However, a l l  t h e  t a r g e t  s p e c i f i c a t i o n  f o r  naphtha 
and m idd le  d i s t i l l a t i o n s  c o u l d  n o t  be achieved w i t h  t h i s  c a t a l y s t .  I t  was t h e r e f o r e  
rep laced  w i t h  t h e  more a c t i v e  S h e l l  324 o r  S h e l l  424 c a t a l y s t s .  Even then some 
t a r g e t  s p e c i f i c a t i o n s  were s t i l l  unob ta inab le  s o  t h e  program was completed u s i n g  a 
f i x e d  bed r e a c t o r .  

Fo r  t h e  B e r t y  r e a c t o r ,  f i v e  hou rs  were a l l owed  f o r  t h e  system t o  reach  s teady  s t a t e .  
Product  was t h e n  c o l l e c t e d  ove r  a 2-3 hour p e r i o d .  F resh  p r e s u l f i d e d  c a t a l y s t  (40 
g)  was charged i n t o  t h e  r e a c t o r  p r i o r  t o  each t e s t .  I n  t h e  f i x e d  bed r e a c t o r  a 
two-hour p e r i o d  was adequate t o  reach s teady s t a t e .  T h i s  was f o l l o w e d  b y  a 1 hour 
y i e l d  pe r iod .  C o n d i t i o n s  were t h e n  ad jus ted  and t h e  procedure repeated.  I n  t h i s  
manner, t h r e e  r u n s  c o u l d  be completed w i t h i n  a s i n g l e  work ing  day. A s i n g l e  charge 
o f  p r e s u l f i d e d  S h e l l  424 (50  g) was used th roughou t  t h e  f i x e d  bed t e s t s .  Void space 
was packed w i t h  a s i l i c o n  c a r b i d e  f i l l e r .  The o p e r a t i n g  parameters i n v e s t i g a t e d  were 
temperature,  l i q u i d  h o u r l y  space v e l o c i t y  (LHSV), r e p o r t e d  as g feeds tock  per  g 
c a t a l y s t  per  hour ,  and hydrogen p a r t i a l  pressure.  

Once c o n d i t i o n s  t o  produce a naphtha re fo rmer  feeds tock  had been e s t a b l i s h e d  (Tab le  
2), a p r o d u c t i o n  r u n  was per formed i n  t h e  f i x e d  bed h y d r o t r e a t e r .  Over a 7 hour  
y i e l d  pe r iod ,  s u f f i c i e n t  naphtha (about  0.5 l i t r e )  was produced t o  t e s t  t h e  response 
o f  t h i s  m a t e r i a l  t o  r e f o r m i n g .  The t e s t  u n i t  f o r  t h e  re fo rmer  runs was t h e  same 
f i x e d  bed hq ’d ro t rea te r  as had been used i n  t h e  h y d r a t r e a t i n g  s t u d i e s .  Three f l o w  
r a t e s  were subsequen t l y  i n v e s t i g a t e d ,  aga in  i n  a s i n g l e  day o f  o p e r a t i o n .  The 
c a t a l y s t  was Cyanamid P R 7 ,  which was p r e d r i e d  b u t  o the rw ise  u n t r e a t e d .  

RESULTS AND DISCUSSION 

The key o b j e c t i v e s  o f  t h e  s tudy  were t o  de te rm ine  s u i t a b l e  c o n d i t i o n s  f o r  t h e  
p roduc t i on  o f  f eeds tocks  which would b e  accep tab le  t o  s y n t h e t i c  crude r e f i n e r i e s  o r  
c o n d i t i o n s  t o  meet ASTM p roduc t  s p e c i f i c a t i o n s  (No. 2 f u e l  o i l  and d i e s e l  f u e l ) .  The 
l i q u i d  p roduc ts  d e r i v e d  f r o m  t h e  H R I  c o a l / o i l  cop rocess ing  techno logy  a r e  g e n e r a l l y  
s u p e r i o r  t o  t h o s e  d e r i v e d  f r o m  many o t h e r  upg rad ing  processes.  The c a t a l y t i c  
c o n d i t i o n s  i n  t h e  e b u l l a t e d  bed ensure t h a t  a h i g h  p r o p o r t i o n  o f  t h e  heteroatoms a r e  
removed and t h a t  s u b s t a n t i a l  hydrogen a d d i t i o n  occurs.  The c o n d i t i o n s  r e q u i r e d  f o r  
secondary h y d r o t r e a t i n g  t h e r e f o r e  a r e  l ess  severe than  those  f o r  most s y n t h e t i c  c rude  
o i l s .  Commercial c o k i n g - d e r i v e d ,  s y n t h e t i c  c rude  o i l s  a r e  p r e s e n t l y  h y d r o t r e a t e d  on 
s i t e  t o  meet p i p e l i n e  s p e c i f i c a t i o n s  and aga in  a t  t h e  r e f i n e r y  t o  meet process 
s p e c i f i c a t i o n s .  The q u a l i t y  o f  t h e  e b u l l a t e d  bed p roduc ts  ensures t h a t  on s i t e  
h y d r o t r e a t i n g  can be e l i m i n a t e d .  

The m idd le  d i s t i l l a t e  and gas o i l  used i n  t h i s  s t u d y  a l r e a d y  met t h e  s u l f u r  
s p e c i f i c a t i o n s  f o r  s y n t h e t i c  f eeds tocks  and f u e l s  w i t h o u t  a d d i t i o n a l  h y d r o t r e a t i n g .  
N i t r o g e n  l e v e l s  were excess i ve ,  however, and t h e  cetane number was low  (Table 2 ) .  
H y d r o t r e a t i n g  c o n d i t i o n s  were t h e r e f o r e  s e l e c t e d  t o  b r i n g  these  p r o p e r t i e s  t o  
acceptable l e v e l s .  

A secondary o b j e c t i v e  o f  t h e  programme was t o  determine k i n e t i c  da ta  f o r  t h e  
d e s u l f u r i z a t i o n  and d e n i t r i f i c a t i o n  r e a c t i o n s .  However, t h e  c o n d i t i o n s  were n o t  
i n i t i a l l y  s e l e c t e d  f o r  t h i s  purpose, s o  much o f  t h e  da ta  was w i t h i n  t o o  narrow a 
range. A l s o  s u l f u r  analyses were h i g h l y  s c a t t e r e d  e s p e c i a l l y  f o r  t h e  B e r t y  r e a c t o r .  
Product samples were r o u t i n e l y  f l u s h e d  w i t h  h e l i u m  gas t o  remove d i s s o l v e d  hydrogen 
s u l f i d e  b u t  r e s u l t s  were o f t e n  s t i l l  h igh .  T h i s  e f f e c t  d isappeared a f t e r  two r u n s  
w i t h  t h e  f i x e d  bed u n i t ,  s u g g e s t i n g  t h a t  t h e  c a t a l y s t  may have been t h e  source o f  t h e  
i n te r fe rence .  These problems were n o t  r e s o l v e d  w i t h i n  t h e  c o n s t r a i n t s  o f  t h e  program 
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and t h e  d a t a  was i n s u f f i c i e n t  t o  complete a k i n e t i c  study. 

NAPHTHA 

I n  t h e  f i x e d  bed u n i t ,  n i t r o g e n  s p e c i f i c a t i o n s  (1 ppm) f o r  p r o d u c t i o n  o f  a r e f o r m e r  
feeds tock  were met whenever t h e  hydrogen p r e s s u r e  exceeded 10.3 MPa (1500 p s i )  and 
temperature was g r e a t e r  t h a n  315'C. To reduce t h e  s u l f u r  t o  t h e  d e s i r e d  l e v e l  
r e q u i r e d  a minimum o f  13.8 MPa and 330'C. The hydrogen consumption was c a l c u l a t e d  
f r o m  t h e  hydrogen c o n t e n t  o f  t h e  feed and p r o d u c t ;  va lues  ranged f r o m  0 .4  t o  
1.0 g l l 0 0  g f e e d  (300 - 700 SCFlbbl) .  The c o n d i t i o n s  s e l e c t e d  f o r  t h e  p r o d u c t i o n  r u n  
were 13.8 MPa, 345'C and a l i q u i d  h o u r l y  space v e l o c i t y  o f  1.40 h r -  . C o n d i t i o n s  
were more severe  f o r  t h e  B e r t y  r e a c t o r  b u t  a r e f o r m e r  f e e d s t o c k  c o u l d  be prepared 
from t h i s  u n i t .  

The naphtha f r o m  t h e  p r o d u c t i o n  r u n  had o v e r  50% naphthenes wh ich  i n d i c a t e d  t h a t  i t  
should be an e x c e l l e n t  r e f o r m e r  feeds tock .  The c o n d i t i o n s  i n  t h e  re fo rmer  (Tab le  2 )  
were adequate t o  a lmost  c o m p l e t e l y  c o n v e r t  t h e  naphthenes w i t h  a moderate gas y i e l d  
(about 11%). Only  two t h i r d s  o f  t h e  naphthenes were c o n v e r t e d  t o  t h e  d e s i r e d  
aromat ics,  however, so t h a t  these components (43%) were s l i g h t l y  below 
s p e c i f i c a t i o n s .  T h e o r e t i c a l l y  t h i s  would g i v e  a l o w  oc tane number, b u t  t h e  g r a v i t y  
(42"API)  was encouragement f o r  a more acceptab le  r e s e a r c h  oc tane number (-99). 

MIDDLE DISTILLATE 

The end use o f  t h i s  f r a c t i o n  was assumed t o  be e i t h e r  d i e s e l  o r  No. 2 f u e l  o i l .  
N i t r o g e n  s p e c i f i c a t i o n s  f o r  s y n t h e t i c  crude were r e a d i l y  o b t a i n e d  i n  b o t h  t h e  f i x e d  
bed h y d r o t r e a t e r  and B e r t y  r e a c t o r .  Over 95% o f  t h e  n i t r o g e n  was removed even a t  
6.9 MPa ( F i g .  1). T h i s  c o n d i t i o n  was i n s u f f i c i e n t  t o  improve t h e  cetane index o r  
reduce t h e  a r o m a t i c  c o n t e n t  t o  t h e  l e v e l  a s c r i b e d  b y  S u l l i v a n  (3 )  o r  K r i z  ( 4 ) .  

The cetane index  r e p o r t e d  h e r e  i s  an adapted v e r s i o n  o f  ASTM procedure  0-976. T h i s  
method i s  based on t h e  t r u e  50% b o i l i n g  p o i n t  o f  t h e  l i q u i d  and t h e  g r a v i t y .  The 
h y d r o t r e a t i n g  exper iments d i d  n o t  produce s u f f i c i e n t  l i q u i d  f o r  a t r u e  b o i l i n g  p o i n t  
d i s t i l l a t i o n  d e t e r m i n a t i o n .  I t  was t h e r e f o r e  r e p l a c e d  b y  a s i m u l a t e d  d i s t i l l a t i o n .  
The c a l c u l a t e d  ce tane index  o f  t h e  feeds tock  by t h i s  method was 37.5, s i m i l a r  t o  t h a t  
p r e v i o u s l y  p u b l i s h e d  ( 2 )  b y  H R I  f o r  t h i s  f r a c t i o n .  An eng ine  t e s t  gave a ce tane 
number o f  32.1 wh ich  showed t h e  l i m i t a t i o n s  o f  t h e  ce tane index method. To account  
f o r  these l i m i t a t i o n s ,  a cetane index o f  42 was s e t  as t h e  t a r g e t  s p e c i f i c a t i o n .  

The hydrogen p r e s s u r e  had t o  exceed 10.3 MPa b e f o r e  a s i g n i f i c a n t  change i n  ce tane 
index and aromat ic  c o n t e n t  was achieved. The tempera ture  r e q u i r e d  was 330'C o r  
h igher .  A space v e l o c i t y  o f  2.0 would meet n i t r o g e n  s p e c i f i c a t i o n s  ( F i g .  2) b u t  n o t  
cetane index .  C o n d i t i o n s  v a r y  g r e a t l y ,  t h e r e f o r e ,  dependant upon t h e  end use o f  t h e  
produc t .  The aromat ic  c o n t e n t  o f  t h e  p r o d u c t  as c l o s e  t o  10% a t  t h e  a c c e p t a b l e  
cetane No runs  came c l o s e  
t o  t h e  4% imposed b y  K r i z .  Hydrogen consumption t o  make d i e s e l  grade p r o d u c t  was 
approx imate ly  1-1.2 g l l 0 0  g (700-850 SCFIBbl) a t  p r e f e r r e d  o p e r a t i n g  c o n d i t i o n s .  

index  and t h i s  s a t i s f i e d  t h e  p r e d i c t e d  v a l u e  o f  S u l l i v a n .  

GAS O I L  

No t e s t s  were r u n  on t h e  f i x e d  bed u n i t  w i t h  t h i s  f e e d s t o c k .  The t a r g e t t e d  
s p e c i f i c a t i o n s  c o u l d  be o b t a i n e d  w i t h  t h e  B e r t y  r e a c t o r .  Based on t h e  e a r l i e r  
exper ience w i t h  t h e  naphtha and m i d d l e  d i s t i l l a t e l  m i l d  c o n d i t i o n s  o f  l e s s  t h a n  
370'C, 10.4 MPa and LHSV o f  g r e a t e r  t h a n  2.0 h r -  shou ld  p r o v i d e  an a c c e p t a b l e  
p roduc t  w i t h  e i t h e r  S h e l l  324 o r  Amocat 1 C  i n  a f i x e d  bed. The requ i rements  f o r  t h e  
h y d r o t r e a t i n g  o f  gas o i l  a r e  n o t  h i g h l y  s t r i n g e n t  s i n c e  i t  must subsequent ly  be 
sub jec ted  t o  a c r a c k i n g  process. Up t o  70% n i t r o g e n  removal  was p o s s i b l e  a t  t h e  
above c o n d i t i o n s .  Hydrogen consumption was about 0.7 g l l 0 0  g (500 SCFIBbl). 
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CONCLUSIONS 

Opera t i ng  
e s t a b l i s h e d .  
o i l  f eeds tock  o r  commercial p roduc t .  

ranges f o r  h y d r o t r e a t i n g  and r e f o r m i n g  o f  cop rocess ing  d e r i v e d  l i q u i d  were 
A l l  p r o d u c t  f r a c t i o n s  met t a r g e t  s p e c i f i c a t i o n s  f o r  a s y n t h e t i c  c rude  
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4. 

Table 1 

P r o p e r t i e s  o f  Coprocess ing D e r i v e d  L i q u i d s  

~~ ~ ~ 

Naphtha M i d d l e  D i s t i l l a t e  Gas O i l  
(LO-4749) (LO-4750) (LO-4751) 

Carbon % 83.8 87.1 87.4 
Hydrogen % 13.7 12.1 11.1 
N i t r o g e n  ppm 165 1022 4000. 
S u l f u r  p m  120 334 1630 
API g r a v i t y  49.7 28.3 17.0 
13C a r o m a t i c i t y  % 5 23 30 
D i s t i l l a t i o n  'C  

IBP 57 151 323 
50% 1 3 1  268 368 
90% 177 338 402 
FBP 253 387 (470) 
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FIGUI?C 1 

Hydrogen  P r e s s u r e  vs C o n v e r s i o n  Para i i ie ters  (345°C) 
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F I G U R E  2 
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